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THE LUK-&R ORBITER PHOTOGRAPHIC SYSTEM 

I -  By G. Calvin Broome and Joseph C. Moorman 

ABSTRACT 

With the  highly successful f l i g h t s  of Lunar Orbi te rs  I, 11, and 111 i n  
August and November of 1966, and February 1967, and wi th  f u r t h e r  Orbi te r  
launches scheduled during 1967, t h e  NASA is  w e l l  along toward accomplishment of 
t he  Lunar Orbi ter  Program object ives .  
goal  of photography of t h e  Lunar surface t o  aid i n  the  se l ec t ion  of safe landing 
sites f o r  Pro jec t  Apollo, as w e l l  as secondary goals of  obtaining infornat ion 
of general  s c i e n t i f i c  i n t e r e s t  on the  o r ig in  and h i s t o r y  of  t h e  Moon and i ts  
g rav i t a t iona l  pa rme te r s .  

These object ives  include t h e  primary 

The Lunar Orbi te r  System i s  described, with emphasis on t h e  design and in-  
f l i g h t  performance of  t h e  Photographic System. 
the  problems and advantages of film-type photographic systems f o r  deep space 
appl icat ions.  Selected photographic and performance da ta  from Lunar Orbi te r  
Missions I, 11, and 111 are presented. 

consideration i s  given t o  both 
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By G. Calvin Broome* and Joseph C. Moorman* 

IWA Langley Research Center 
Langley S t a t  ion, Yampt on, Va. 

INTRODUCTION 

With t h e  announcement i n  A p r i l  of t h i s  year of t h e  se l ec t ion  of t n e  
landing si tes f o r  t h e  first Apollo mission t o  t h e  Moon, t h e  United S t a t e s  and 
t h e  National Aeronautics and Space Administration were announcing t h e  success 
of t h e  f i rs t  phase of one of t h e  unmanned programs t h a t  made t h i s  landing s i te  
se l ec t ion  possible;  t h e  Lunar Orbi ter .  
grams whose goal  i s  t o  provide s u f f i c i e n t  information on t h e  c h a r a c t e r i s t i c s  
and environment of t h e  fibon t o  make possible  i n t e l l i g e n t  and safe decis ions on 
landing sites f o r  Apollo as t ronauts  before the  end of t h i s  decade ( f i g .  1). 
Ranger, t h e  first of t h e  three,  completed i t s  program i n  e a r l y  1965 u t i l i z i n g  
a t e l e v i s i o n  system t o  r e t u r n  thousands of photographs of three i n t e r e s t i n g  
regiozs  en t h e  luna r  surface.  Surveyor has scored two successes i n  conducting 
a sof t - landing program t o  inves t iga t e  spec i f i c  areas of i n t e r e s t  t o  t h e  mar-med 
program, and has a l s o  returned thousands of t e l ev i s ion  photographs, some with 
d e t a i l  down t o  t h e  mil l imeter  l eve l .  However, while Surveyor provides vital  
da ta  on s o i l  bear ing s t r eng th  and high-resolution d e t a i l  of t h e  surfcce,  t h e  
job of wider area searching and c e r t i f i c a t i o n  f e l l  t o  a mre v e r s a t i l e  space- 
c r a f t ,  one capable of covering thousands of square k i loae te r s  of t h e  luna r  sur- 
f ace  on a s i n g l e  mission at  a r e so lu t ion  near 1 meter - t h e  Lunar Orbiter. 

Lunar Orbi te r  i s  one cf three NASA pro- 

The design phase o f  t h e  Lunar Orbi ter  program w a s  begun i n  l a t e  1963. The 
W A  Langley Research Center w a s  assigned management of t h e  program, with The 
Boeing Company as prime spacecraft  contractor  and Eastman Kodak Company r e s p n -  
s i b l e  f o r  t h e  photographic system. I n i t i a l  plans ca l l ed  f o r  t h e  f i r s t  launch 
t o  occur i n  June of 1966; t n e  first launch ac tus l ly  occurred on August 10, 1966, 
and after successful  i n j e c t i o n  onto t rans lunar  t r a j ec to ry ,  t h e  spacecraf t  
became Lunar Orb i t e r  I. This vehicle  was followed on Movember 6, 1956, by 
Lunar Orbiter I1 and on February 4, 1967, by Lunar Orbi te r  111. 

Lunar Orbiter I returned exce l len t  wide-angle t photographs of nine si tes 
i n  t h e  Apollo zone of i n t e r e s t  ( f i g .  2) .  
t h e  image motion compensation and t r ipp ing  of t h e  f o c a l  plane s h u t t e r  degraded 
t h e  610-DID l e n s  photography. Lunar Orbiter I1 re turned excel lent  high- 
r e so lu t ion  (610-14 photographs of 13 primary s i tes  i n  t h e  Apollo zone. 

Problems with r e l a t i v e  timing between 

The 

*Aerospace Technologist. 

tThe t e r m  "wide-angle" i s  used here i n  r e luc t an t  surrender t o  t h e  forces  

** Aerospace Engineer. 

of t he  Public Information Office.  
80 am and w i l l  be described i n  d e t a i l  ia-cer. 

The l e n s  irxolved h a s  a foca l  length of 
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Ranger 8 impact point  w a s  loca ted  i n  one of these  photographs. I n  aad i t ion  t o  
f a r s i d e  photographs, a number of spectacular  oblique photographs of prominent 
lunar  features were obtained. Lunar Orbi te r  111 a l so  scored a success, photo- 
graphing 13 primary Apollo zone sites, adding t o  t h e  f a r s i d e  coverage and 
zooming i n  on more oblique shots  f o r  s c i e n t i f i c  purposes. 

It was possible,  a f t e r  ana lys i s  of t h e  results of Orbi te rs  I, 11, and 111, 
t o  s e l e c t  t h e  landing sites f o r  t a rge t ing  t h e  f i rs t  Apollo mission, and t o  des- 
ignate  the  fou r th  and f i f t h  Orbiters, e a r l i e r  planned t o  help complete the 
Apollo requirements, t o  conduct broader missions of more general  s c i e n t i f i c  
i n t e r e s t .  Thus Lunar Orbi te r  D, scheduled f o r  a May 1967 launch, i s  assigned 
t h e  task  of photographing almost t h e  en t i re  Moon a t  reso lu t ions  varying from 
about 70 meters on the nearside t o  roughly equivalent t o  Earth-based te lescopic  
reso lu t ion  on the farside. Lunar Orbiter E, f i f t h  of t h e  series, i s  t e n t a t i v e l y  
scheduled t o  take a c lose r  look a t  some of t he  fea tures  iden t i f i ed  i n  Lunar 
Orbi ter  D photography, as w e l l  as t o  conduct fur ther  Apollo work i f  required.  
While Lunar Orbiters I, 11, and I11 operated from o r b i t s  with inc l ina t ions  up 
t o  21° ( f i g .  3), bo th  the  four th  and f i f t h  Lunar Orbiters will work from an 
o r b i t  o f  8 5 O  inc l ina t ion ,  t h u s  making possible  covera,ge of v i r t u a l l y  t h e  e n t i r e  
surface of t he  Moon. 

. 

THE SPACECRAFT 

The Lunar Orbi te r  spacecraf t  ( f i g .  4) i s  a three-axis s t a b i l i z e d  vehicle  
weighi-ng about 850 pounds a t  launch. E l e c t r i c a l  power i s  provided by four  
s o l a r  panels, with b a t t e r i e s  providing f o r  l imited e l e c t r i c a l  loads during 
periods of sunset.  Two antennae, one high-gain d i r e c t i o n a l  and one omnidirec- 
t i ona l ,  provide t h e  means of communication with t h e  spacecraf t .  
t r o l  f o r  t h e  vehicle  is  pr imari ly  passive, w i t h  a l imi ted  number of  hea te rs  
being employed where required.  The a t t i t u d e  reference f o r  yaw and p i t c h  i s  
provided by a sun sensor i n  t h e  equipment mounting p l a t e  so that  the s o l a r  
panels normally face  the  sun. 
e lec t ro-opt ica l  sensor which t racks  t h e  star Canopus, second b r i g h t e s t  i n  the  
heavens. T h i s  a t t i t u d e  results i n  t h e  high-gain antenna being pointed toward 
Earth, with an a s s i s t  from a r o t a t a b l e  boom on t h e  u n i t .  
from the Sun-Canopus o r i en ta t ion  only t o  point  t h e  l i q u i d  rocket engine f o r  
veloci ty  changes o r  t o  point  i t s  cameras f o r  photography. The photographic 
system is a self-contained dual-camera system, enclosed i n  a pressurized con- 
t a i n e r  which provides t h e  means f o r  maintaining the  environmental condi t ions 
required f o r  operat ion of a photographic laboratory i n  a space environment. 

Thermal con- 

The r o l l  a x i s  reference i s  provided by an  

The spacecraf t  departs  

Most funct ions aboard the  spacecraf t  are cont ro l led  by the onboard pro- 
This u n i t  receives  commands from Earth s t a t i o n s  and either executes gramer. 

them immediately or s t o r e s  them f o r  execution a t  a p rec i se  l a te r  t i m e .  Suf f i -  
c i e n t  memory s l o t s  a r e  available t o  automatical ly  con t ro l  the spacecraf t  func- 
t i o n s  f o r  periods of s eve ra l  hours. 

Two aux i l i a ry  systems aboard t h e  spacecraf t  provide information useful  
bo th  f o r  mission cont ro l  and f o r  s c i e n t i f i c  purposes. A group of micrometeoroid 
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detec'tors is loca ted  i n  a r i n g  just belox t h e  f u e l  tanks.  
pressurized cans of known thickness  tha t ,  when parlctured, l o s e  pressure and send 
a s igna l  of t h i s  event t o  Earth. 
for mission cont ro l  purposes. 
a t  two c r i t i c a l  loca t ions  within t h e  photographic system, and telemetered dose 
values and rates make possible  an evaluation of t h e  grav i ty  of any s o l a r  proton 
a c t i v i t y  encountered. 

!These devices are 

Two proton-radiation de tec tors  are ca r r i ed  
Shielding on these de tec tors  approximates t h a t  

E I S S I O N  DESCLSIFTION 

Following launch from Cape Kennedy aboard t h e  Atlas-Agena vehicle  ( f i g .  5 ) ,  
separat ion from t h e  Agena, and deployment of the  s o l a r  panels and antennae, t h e  
spacecraf t  begins i t s  W-hour t r i p  t o  t h e  Moon. Provision i s  made f o r  correc- 
t i o n  of t h e  t r a j e c t o r y  en route, using the  rocket engine, i f  necessary. Upon 
arrival at  t h e  v i c i n i t y  of t h e  Moon, t he  rocket engine is  once again burned t o  
decrease t h e  spacecraf t ' s  ve loc i ty  r e l a t i v e  t o  t h e  Moon and cause it t o  "fal l"  
i n t o  Lunar Orbit .  

By ca re fu l ly  se l ec t ing  t h e  per iod of t h e  month during whlch launch takes  
place, and by cont ro l l ing  the  deboost maneuver, t h e  spacecraf t  is  d i rec ted  i n t o  
an o r b i t  whose per i lune (poin t  of c l o s e s t  approach) occurs over a poin t  on t h e  
luna r  sur face  where t h e  morning Sun' s rays a r e  making an angle of 13O t o  40° 
with  t h e  l o c a l  horizontal .  This i s  considered favorable  l igh t ing ,  as we s h a l l  
see  later.  
o r i en ta t ion  i n  i n e r t i a l  space, it i s  necessary only t o  w a i t  i n  o r b i t  u n t i l  
r o t a t i o n  of t h e  Moon on i t s  a x i s  br ings  t h e  t a r g e t s  of i n t e r e s t  under t h e  peri- 
lune.  

Since luna r  o r b i t  once establ ished maintains an e s s e n t i a l l y  f ixed  

Refining adjustments to t h e  o r b i t  may be made during t h i s  period. 

A s  t a r g e t s  become favorably loca ted  under t h e  o r b i t  ( f i g .  6), t h e  space- 
c r a f t  i s  reor ien ted  t o  look downward and a s e r i e s  of 1, 4, 8, o r  16 photographs 
are exsosed. If more coverage i s  required than a s ing le  pass can provide, 
blocks of coverage car? be b u i l t  up by overlapping photography or! successive 
o r b i t s .  
on 610-r~m and 80-DEI photographs, respectively,  o r  52 percent on 80-mm photo- 
graphs wi th  gaps between 610-rnm frames. 
provides s tereoscopic  coverage. On a complex mission, such as L u n a r  Orbiter 111 
performed, photographs may be taken every o rb i t ,  most of them wi th in  the  area 
bomded by 3° north and south l a t i t u d e  and 4 5 O  east and w e s t  longitude, t he  
Apollo area of  i n t e r e s t .  However, some s lack periods do ex i s t ,  and the  avail- 
a b i l i t y  of t h i s  t i m e ,  together  with requirements f o r  frequent mvement of f L h ,  
have r e s u l t e d  i n  photographs of grea t  s c i e n t i f i c  and general  i n t e r e s t  ( f i g s .  16 
and 17 and 19 through 21). 

Frame t o  frame forward overlap may be e i t h e r  5 percent and 88 percent 

I n  e i t h e r  case, t h e  80-nm lens  system 

Following conclusion of photography and read-back of a l l  photographs, t h e  
Lunar Orbiter i s  put i n t o  a c ru i se  condition and is  interrogated f ro= t b e  t o  
t i m e  f o r  i n f o r m t i o n  on i t s  s c i e n t i f i c  experiments and i t s  reac t ion  t o  grav i ta -  
t i o n a l  per turba t ions  of the Toon. It i s  a l so  used as a t racking t a r g e t  by the 
A;&!& !~kn_r_ed Spzce F l i g h t  Network, whose job it w i l l  be t o  t r ack  the  Apollo 
Moonship and provide conmmications with the  astronauts .  
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THE PHOTOGRAPHIC SYSTEM 

In figure 7 we see that the photographic system is housed in a thin alumi- . 

nun shell, only the lower half of which is shown. 
quartz windows in the upper half of the shell. 
the shell is maintained between 1- and 2-psia nitrogen, with a high-pressure 
resupply of nitrogen available in the event of small leaks. 
trol within the unit is by exchange with the spacecraft equipment mounting plate 
through painted fins located on the underside of the shell. 
increased, when necessary, by automatically controlled heaters of the electrical 
resistance type. 
era area of the system. 
sium thiocyanate pads. 

The lenses peer through 
After launch, pressure within 

Temperature con- 

Temperatures are 

Control of temperatures within ?lo is typical within the cam- 
Humidity is controlled at 50 ? 10 percent with potas- 

Figure 8 provides a schematic look inside the photographic system, which 
is seen to be comprised on three basic sections; camera, processor, and readout. 
Not shown in this diagram are the many interconnections which are necessary to 
control the functions of the three basic sections. Examining each section in 
detail, we see, in figure 9, an artist's sketch of the camera. The film used 
is Eastman Kodak Type SO-243, High Definition Aerial Film, 70 ma in width. A s  
film is pulled from the supply, it passes first through the focal plane of the 
80-IIEII lens (or, some insist, wide-angle lens). 
an off-the-shelf unit, modified from f/2.8 to fl5.6 with a waterhouse stop. 
Modification also includes elimination of all shutter-speed settings save 1/25, 
1/50, and 1/100 second. 
help achieve a balance in exposure with the 610-DDII lens. Simultaneously with 
exposure of the 80-ITNI format, exposure also occurs on the 610-III~U lens system, 
and a 20 bit code showing the time the photograph was taken is exposed adjacent 
to the 80-ITDI format. The 610-mmlens, a modification of an earlier design by 
Pacific Optical, used a folding mirror and a focal plane shutter to expose 8 
format approximately 5 O  by 20°, versus the 80-rnm format of approximately 35' 
square. 
This brings the last 80-~JJI frame to a position just short of the 610-1~m platen, 
brings fresh film onto both platens, and readies the system for the next expo- 
sure. In this manner, the 80-mm and 610-IUD frames are interlaced on the film. 

In this figure we also see 
The edge 

This lens-shutter assembly is 

A 0.21 neutral density filter is added to the lens to 

Following each exposure, the film is advanced exactly 11.690 inches. 

The frame layout is illustrated in figure 10. 
the preexposed edge data and the detail of the saw-tooth edge marks. 
data are preprinted onto the SO-243 film before it is loaded into the photo- 
graphic system and is processed at the same time as the accompanying lunar data. 
Various patterns are used, including resolving power targets, reference numbers, 
and a 9-step gray scale, useful for sensitometric control in ground data reduc- 
tion. The edge-mark pattern provides a frame coordinate system for data reduc- 
tion, and appears in the final photograph illuminated by the natural light Of 
the exposure. 
crosses. 

Also present on the film is a pattern of preexposed Reseau 
A more detailed discussion of this Reseau pattern will be given later. 

Approach to the lunar surface closer than about 200 kilometers makes image 
motion a significant degrading factor in photography, so image motion compensa- 
tion is provided for both lens systems. To accomplish this, a portion of the 
610-ma field of view corresponding to the "bump" on the folding mirror is fed 
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t o  tfIe veloci ty/height  sensor, loca ted  physical ly  above t h e  camera plane. 
opt ic& s igna l  is analyzed by the  sensor, t ime-correlated,  in te rpre ted ,  and 
t r ans l a t ed  i n t o  a servomechanism output which i s  used t o  d r ive  both canera 
platens so a s  t o  n u l l  out  image motion. 
shaf t  a lso provides information used by the  camera programer t o  set p rec i se  
frmLng rates t o  cont ro l  forward overlap between photographs. 

This 

Arr e l e c t r i c a l  output from t h e  sensor 

Since the  canera nay t ake  up t o  20 photographs i n  rap id  succession a t  

I n  f igu re  11, f i l m  is  seen 
framing r a t e s  as high as 1.6 seconds per photograph, b u f f e r  s torage  is provided 
f o r  t he  f i b b e t w e e n  t h e  canera and processor. 
pu l led  from the  camera by the  f i l m  advance mtor and made ava i lab le  t o  a spring- 
loaded device known as the  camera s torage looper. 
21 frames of film. 

This looper can s t o r e  up t o  

After  completion of t he  photographic pass, t h e  processor is  enabled 
( f i g .  12). 
with Eastman Kodak Type SO-lll Bimat  Film, pre-soaked with Imbibant rYpe Ix 411. 
Processing of the  f i l m  t o  a negative takes place during t r a v e l  around the  proc- 
ess ing  d m n  a t  a cont ro l led  temperature of 85O F. 
and Bima t  a r e  delaminated, t h e  B i m t  is discarded i n t o  the  B i m t  take-up cham- 
ber,  and t h e  f i l m  passes over t h e  dryer drum, where it is subjected t o  a temper- 
ature of 95' F and moisture is  &riven o f f  f o r  absorption by pads around the  
periphery of the drum. Following drying, t h e  f i l m  is twisted once again throug? 
90°, passing out  of t h e  processor and i n t o  the readout looger ( f i g .  11). 
t h i s  po in t  t he  readout looper  serves  only a control  function, becoming p a r t i a l l y  
f i l l e d  with film, and then s igna l ing  the  motor on t h e  take-up spool t o  empty it 
once again. I n  t h i s  manner t h e  photographs are exposed, processed, dryed, and 
stored, ready f o r  transmission t o  Earth. 

Af te r  being twisted 9' iEto the  processor, t h e  f i l m  i s  laminated 

After  processing, the  f i lm  

A t  

Two readout modes a r e  possible .  I n  normal operation, only se lec ted  read- 
Af te r  out i s  conducted p r i o r  t o  completion of a l l  photography and processing. 

completion of processing, t h e  Bimat i s  cu t  by a hot w i r e  device, making the  
processor freewheeling, and readout proceeds u n t i l  a l l  da ta  have been examiRed. 
The se l ec t ed  readout mode makes da ta  ava i lab le  a t  any t h e ,  and i s  l imi t ed  only 
by t h e  capaci ty  of t he  readout looper. 

Film t r a v e l  during readout is  opposite 50 t he  d i r ec t ion  of photography and 
processing. 
segments. During a 23-second pause between advances, t he  f i l m  i s  clamped i n  
the  readout ga te  and scanned with a raster o f  about 287 lines/nm. Light f o r  
t h i s  scan i s  generated by t h e  l i n e  scan tube, which provides an 800-Hz horizon- 
t a l  sweep of an e l ec t ron  beam across a revolving phosphor dmm anode. 
r e s u l t i n g  f l y i n g  spot, approximately 200 microns i n  diameter, i s  minified 22 
times and imaged on t h e  emulsion s ide  of the fi lm. The vertica.1 component of 
the  raster i s  generated by moving the  minifying l e n s  (scanner l e n s )  a t  a pre- 
c i s e  r a t e  across  t h e  fib. After  scan of each seginent, the  film advances, the  
l ens  reverses ,  and t h e  next segment i s  canned i n  t he  opposite d i rec t ion .  
t ransmit ted by the  f i l m  i s  co l lec ted  by opt ics  and fed  t o  the  photomult ipl ier  
tube, which i n  t u r n  feeds a video amplifier t h a t  sends a 0- t o  ?-volt ,  0- t o  
240-Hz video s iguul  t e  t5e c~mminications subsystem f o r  transmission t o  Ear th .  
The f i l m  i s  thus  readout i n  "framelets," each 2.2 mm b y  65 m 226 each requir ing 

I n  the  readout assembly ( f i g .  l3), t he  f i l m  advances i n  2.5-mn 

The 

Light 
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about 23 seconds to transmit. About 43 minutes are required to transmit one 
"frame," that is, one 80-mm and one 610-JIUII exposure pair with the associated 
time code data. 

After receipt and processing at one of the Earth stations of the Deep 
Space Network, the video signal is fed to one of two recording devices. 
detection video recordings are made of each readout sequence, and these consti- 
tute the primary data source for future reconstructions and analysis. 
same time, the ground reconstruction electronics are used to regenerate the 
signal. 
taking the video signal and driving a kinescope whose line scan is imaged onto 
moving 33-mm film. Thus each framelet, 2.5 mm by 67 mm in the spacecraft, 
becomes a framelet 20 mmby 424 mm on the ground (fig. 14). 
are then laid side by side to provide reconstruction of all or part of the 
frames as they existed in the photographic system in lunar orbit. 

Pre- 

At the 
- 

This device essentially provides the reverse of the spacecraft readout, 

These framelets 

This, then, is how the system operates. In the following paragraphs we 
shall examine some of the technical considerations involved in system design, 
discuss why such a mechanically complex device was chosen to do the job, and 
examine some of the results from the first film-type deep-space photographic 
system used by the United States. 

LUNAR PHOTOMETRY AND EXPOSURE CONSIDERATIONS 

The Moon presents unique problems in exposure determination and in evalua- 
tion of the resulting photographs. The absence of an atmosphere, of course, 
means virtual absence of scatter of light into sha,dow areas. The lunar surface 
itself is a backscatterer of light. Numerous formulations have been made in an 
effort to describe the reflective properties of lunar material, and the photo- 
metric function represented by figure 15 is the most widely used device. 
the upper diagram, g is the so-called phase angle, or the angle between the 
observer's line of sight and the incident Sun's rays. The angle a is the 
projection into the phase plane (Sun-observer plane) of the angle between the 
observer's line of sight and the normal to the surface at the point under 
observa,tion. 

In 

To understand the use of the photometric function plot, take the simple 
case of an observer looking vertically downward on a smooth, spherical Moon, 
that is, a is 0'. If the Sun is at the observer's back, g = 0 also, and 
we have the condition of greatest reflection of light, corresponding to the 
well-known f u l l  Moon. A s  the angle g increases from 0' toward 90' illumina- 
tion decreases, until with g = Po, the reflected light falls to zero and the 
observer is looking at the terminator. Note that the angle a, is both a mea- 
sure of surface deviations from a smooth sphere and a measure of the angle 
between the observer's line of sight and the normal to the surface. 
example, the areas drawn in for 20' and 30° operating ranges represent the vari- 
ation in the reflectance term er 
40° and 600 due only  to deviations of the observer's line of sight from the 
local vertical on a smooth Moon. 

For 

over the format of a square field of view of 

Since exposure varies directly as $, 
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consiaerabie difference i n  exposure can occur zcross a s ing le  frame due only t o  
a and g variat ion.  Introduct ion i n t o  t h i s  consideration of such lunar fea- 

. t u re s  as  c r a t e r s  and domes f u r t h e r  var ies  t h e  ref lectance as the  angle a takes  
on the  addi t iona l  t a s k  of descr ibing deviations from t h e  smooth sphere. 

I n  f igures  16 and 17 we see some of the  consequences of the Moon's r e f l ec -  

Since the  Sun ' s  rays  are 
t i v e  propert ies .  
The l i n e  of s i g h t  of t h e  canera was nearly northward. 
e s s e n t i a l l y  i n  t he  equa to r i a l  plane of t he  Moon, as w e  look from bottom t o  top  
i n  t h e  photograph w e  see l i t t l e  change i n  t h e  average densi ty  ol' t h e  r'smoothll 
a reas  because t h e  angles g and a change very l i t t l e .  I n  t h i s  case g 
changes only by a small amount as the  phase plane t i l t s  by 20' from bottom t o  
top  of t h e  photograph. 
ure  17 presents  an  e n t i r e l y  d i f f e r e n t  s i t ua t ion  hovever. 
take.  by Lunar Orbi te r  111, w a s  taken looking nominally east t o  west, with the  
Sun behind the  "back" of t he  camere-observer. Here w e  see t h e  s t r i k i n g  e f fec t  
of decreasing phase angle (g)  as w e  look from lower l e f t  t o  upper r i g h t  and the  
phase angle approaches zero. I n  t h e  overexposed port ion of the frarae, even 
d r a s t i c  changes i n  a 
tance tern, and v i r t u a l l y  a l l  d e t a i l  i s  l o s t .  
the  view of an astronaut  approaching the a rea  for a landing. 

Figure 16 was taken by Lunar Orbiter 111 of  the  c r a t e r  Kepler. 

The uniformity of t h i s  photograph i s  s t r ik ing .  Fig- 
This photograph, a l so  

cannot save u s  from the  near uni ty  value of t he  r e f l ec -  
This viek7 c lose ly  approximates 

Understanding of the pecul ia r  r e f l e c t i v e  proper t ies  of t h e  lunar  surface 
makes poss ib le  s lope  analysis of t h e  photographs based on assumed values of 
albedo. 
techniques appl icabie  t o  Lunar Orbi te r  photography, have been t r ea t ed  by 
Kosofsk9  and w i l l  not b e  covered here. 

Some of  these  techniques, as w e l l  as photogrammetric da ta  reduction 

Choice of s h u t t e r  speeds of 1/25, 1/30, and 1/100 second f o r  Lunar Orbi te r  

Although 
w a s  o r i g i n a l l y  d i c t a t ed  by the  prime mission requirements of 1 - m e t e r  v e r t i c a l  
photography from a 46-irm a l t i t u d e  using SO-243 f i l m  and f/5.6 lenses .  
it would be  less than t h e  t r u t h  t o  s ta te  t h a t  these  expcjsure times have always 
provided us wi th  opt imm results, t h e  s y s t e m  has performed remarkably w e l l  
under a wide range of conditions,  many of then completely outs ide  t h e  o r i g i n a l  
design concept. 
i s  bel ieved t o  be j u s t i f i e d  by t h e  results. 

, The t r ade  of l imt ted  exposure adjustment for system s impl ic i ty  

FLIGHT RESULTS AND CONCLUSIONS 

It is customary t o  specify a photographic system's performance i n  terms of 
resolving power, t h a t  is ,  a c e r t a i n  minimm number of l i n e s  per  m2llimeter 
resolved i n  t h e  f i n a l  image under spec i f ied  operating conditions.  
years,  t h e  indus t ry  has been turning more and more t o  speaking of photographic 
performance i n  terms of modulation t r ans fe r ,  o r  percentage of object  plane 
infor,nation content  t r ans fe r r ed  t o  t h e  f i n a l  image plane. 

I n  recent  

I n  the  Lunar Orbi te r  

1ICosol"s'Ky, L. J. : "Tqsgrayhy from Lunar Orbi te r  Photos," PHOTOGRAMT."iETRIC 
ENGINEERING, LYarch 1966, p. 277. 
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system, both c r i t e r i a  were used. 
Kodak Companywas i n  terms of l i n e  pa i r s  per mill imeter,  s p e c i f i c a l l y  t h a t  t h e  
end-to-end sys tembe capable of resolving 76 l i n e  p a i r s  per m i l l i m e t e r  a t  3:l 
contrast  from a lunar  a l t i t u d e  of 46 kilometers. A t  the  same time, the  prime 
contractor  accepted a requirement i n  terms of signal-to-noise r a t i o ;  spec i f i -  
ca l ly ,  t h e  system must produce i n  t h e  f i n a l  ground f i l m  a signal-to-noise r a t i o  
of a t  l e a s t  3:l when photographing a cone 1/2 meter high with a base diameter 
Of 2 meters under t y p i c a l  lunar  l i g h t i n g  conditions. For the  purpose of de t e r -  
mining whether t h e  l a t t e r  requirements have been s a t i s f i e d ,  a g r e a t  dea l  of 
analysis  and aux i l i a ry  t e s t i n g  has been conducted and some of t h e  r e s u l t s  are 
presented here. 

The spec i f ica t ion  imposed upon the  Eastmzn 

I n  order  t o  demonstra,te signal-to-noise performance, a de t a i l ed  ana lys i s  

Some of t h e  experimental results are presented i n  f i g -  
was undertaken, supplemented by ground t e s t i n g  and examination of t h e  in - f l i gh t  
photographic results. 
ure 18. 
camera system from various sources. 
binat ion of a theo re t i ca l  IQF f o r  t h e  610-mm lens ,  produced by ray t r ac ing  
techniques, with the  measured bUF of Type SO-243 f i l m  with B i m a t  processing. 
This curve may be  designated as the  "expected'' MTF f o r  the  610-IUII camera. 
c i r cu la r  symbols represent  a measurement of t he  MJ!F f o r  t h e  Lunar Orbi te r  I1 
610-mm camera. 
marked with squares represent  a measurement by t h e  Cornell  Aeronautical  Labora- 
t o r i e s  o f  severa l  610-mm frames f r o m  Lunar Orbiter To a r r i v e  a t  these  
results severa l  s t eps  were followed. 
from the ground f i l m  by t r ac ing  many shadow edges on c r a t e r  floors, using edges 
with r e l a t ive ly  low cont ras t .  Next, t r aces  were taken i n  the  edge da ta  on 
3dges of known p re f l igh t  shaxpness t o  measure t h e  KCF of the  scanner system, 
the  communications l ink ,  and t h e  ground reconstruct ion apparatus. 
t he  scanner, communications, and ground equipment w a s  then divided out  t o  obtain 
t h e  camera NCF. The Cornell  data  above 50 t o  60 lines/mm must be taken with a 
gra in  of salt, as the edges scanned i n  t h e  edge data ceased t o  have appreciable 
frequency content a t  about t h i s  frequency. It i s  in te resd ing  t o  note t h a t  t h e  
Cornell values begin t o  depart  from t h e  p r e f l i g h t  measured values a t  about 
50 lines/mm. Another f a c t o r  t h a t  must be considered i n  evaluat ion of t h e  data  
i s  t h e  f a c t  t h a t  both t h e  t h e o r e t i c a l  MTF and the  p r e f l i g h t  measured KCF do not 
consider image motion, while t h e  f l i g h t  measured values do include t h e  e f f ec t s  
of image motion. 
include image motion (C.A.L. measurements) exceed s t a t i c  p r e f l i g h t  predict ions,  
indicat ing t h a t  image motion w a s  negl ig ib le  i n  t h e  Lunar Orbiter I1 mission. 
Computed signal-to-noise r a t i o s  f o r  t h e  standard 2-meter base cone, based on 
measured MTF values, exceed the  spec i f i ca t ion  requirements up t o  phase angles 
of  about 60'. 
spec i f ica t ion  of 500 a re  not ava i lab le  as a r e s u l t  of operat ion of the  system 
almost exclusively under the  more favorable l i g h t i n g  condi t ions associated with 
lower Sun elevat ions . 

This p l o t  compares modulation t r ans fe r  funct ions (MTF) f o r  t h e  610-1m.n 
The t r iangular  symbols represent  t h e  com- 

The 

The t a rge t  i n  t h i s  case w a s  about 4.5:l cont ras t .  The points  

F i r s t ,  t h e  t o t a l  system MCF w a s  measured 

This MTF f o r  

However, even a t  40 t o  50 l ines /mi l l imeter  t h e  values which 

Experimental da ta  on higher phase angles up t o  t h e  o r i g i n a l  

A number of p re f l igh t  cal ibra , t ions were undertaken t o  assist  i n  in t e rp re -  

Radial 
t a t i o n  of t h e  photographs. 
and Of lens transmittance versus f i e l d  angle were made on both lenses .  

Measurements of t he  modulation t r a n s f e r  function 

-~ ~ ~~ - 

'Working Paper No. 4, Contract No. NASl-5800, Apr i l  25, 1967, unpublished. 
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and- tangec t ia l  d i s t o r t i o n  was measured from the  beginning on t h e  &-mmlens,  
and i n  preparation f o r  Lunar OrSiter D, d i s to r t ion  meas7zenents have been made 
on the  610-DIU system. 
ve i l i ng  g l a re  w a s  measured, an2 s tudies  were undertaken t o  measure t h e  photo- 
metric uniformity of t h e  foca l  plane shut te r .  During each mission, a spec ia l  
t es t  f i l m  containing tone reproduction blocks, resolut.ion char t s ,  and sine-wave 
t a r g e t s  i s  read out from lunar  o rb i t .  Final ly ,  t h e  SO-243 f i l m  i s  preprinted 
not only with t h e  edge data  shown i n  f igu re  10, but  with a pa t t e rn  of Reseau 
crosses t o  a i d  i n  recovering the  f l i g h t  f i lm geometry a f t e r  readout and 
reassembly. A series of 23 crosses  having a r m  lengths  of 100 microns and l i n e  
weights of about 13 microns i s  preprinted on the  f i l m  during the  edge p r in t ing  
operation. Repet i t ion of the  pa t t e rn  is  such t h a t  one 2j-nark pa t t e rn  appears 
i n  each framelet. 
t a t i o n  of t he  data,  but  they a l s o  serve as useful  reso lu t ion  reference marks, 
s ince  t h e  l i n e  weight of each cross  aprjroxirnates 1 m e t e r  from a 46-kilometer 
l una r  a l t i t u d e .  

Tc  a s s i s t  i n  photometric data  in te rpre ta t ion ,  systec! 

. 

These narks are used primarily f o r  photogranmetric in te rpre-  

We have already examined sone of t he  Lunar Orb i t e r ' s  f l i g h t  photographs t o  
i l l u s t r a t e  c e r t a i n  poin ts  within t h e  paper. Numerous photographs are presented 
i n  f igu res  16 and 17 and 19 through 23 t o  i l l u s t r a t e ,  b e t t e r  than words ever 
could, t h e  results of t h ree  successful  Lunar Orbi te r  f l i g h t s .  The 610-m photo- 
graph of t h e  c r a t e r  Copernicus, shown i n  f i g i e  19, has been ca l l ed  t h e  "Pic ture  
of t h e  Century." 
f igu re  16. 
smoke a r i s i n g  from t h e  c r a t e r  f l oo r ,  but ,  unfortunately, Kepler w a s  qu ie t  t h a t  
day. The 610-rnm photograph of the E a r t h  from t h e  Nocn, shown i n  f igu re  20, i s  
another first i n  space technology. 
f a r s i d e  i s  shown i n  f igu re  21. 

An oblique shot of t he  prominent c r a t e r  Kepler i s  shown i n  
This photograph w a s  taken i n  hopes of confirzing Russian repor t s  of 

A Lunar Orbi ter  111 photograph of t he  Moon's 

Figure 22 i s  a t y p i c a l  610-DXB frame, taken from nominal photographic a l t i -  
tude and showing t h e  vast amount of de t a i l ed  i n f o r m t i o n  present  i n  one photo- 
graph. This photograph, however, i s  espec ia l ly  in t e re s t ing  from another po in t  
of view. 
is  one of t he  outstanding achievements of the space age, t h e  Surveyor I spzce- 
c r a f t .  
a l a r g e  frane (note  t h a t  t h e  f i g u r e  as presented cons t i t u t e s  only p a r t  of a 
complete 610-rnm frame). 
t o  be  there ,  s o  it w a s  found. An extensive e f f o r t  w a s  conducted, using isoden- 
s i t y  t races ,  t r i angu la t ion  from Surveyor I photographs, and feature mtching .  
Figure 23 i s  an enlargeinent showing the  Surveyor spacecraft .  One of t he  most 
conclusive p ieces  of evidence i s  shown i n  f igure  24. This i s  one of t he  ?so- 
dens i ty  t r a c e s  of t h e  suspect object  and shadow. 
a photograph of a Surveyor model, a t  t he  same sca l e  and sm angle. 
i s  considered conclusive t h a t  the  Surveyor I w a s  found, and i t s  photograph i s  
p a r t i c u l a r l y  i n t e r e s t i n g  i n  tha t ,  f o r  the  f i r s t  time, an objec t  of known dimen- 
s ions  w a s  photographed on the  lunar  surface f o r  compariscn with theory. Space- 
c r a f t  d e t a i l s  are not v i s i b l e  i n  t h e  photograph f o r  two reasons: 
Surveyor spacecraf t  is  very c lose  t o  t h e  Lunar Orbi te r  reso lu t ion  liclit a t  t h i s  
a l t i t u d e ,  and (2 )  the  higkl ight  caused by r e f l ec t ion  f ron  t h e  spacecraft, exceeds 
t h e  dynanic. range of the  Lunar Orbi te r  system. 

Located wi th in  t h e  blocked off  area i n  t he  center  of t he  photograph 

It might w e l l  be  asked how so  small an object  was loca ted  wi th in  such 

The bes t  answer t o  t h i s  question i s  t h a t  it w a s  known 

Superimposed on t h e  t r ace  i s  
The evidence 

(1) the 
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It is appropriate to consider some of the reasons for the succes-s of the 
Lunar Orbiter program. It is felt that one of the outstanding reasons, apart 
from excellent design, development, and manufacturing efforts by the many indus- 
trial participants, is the very fact that Lunar Orbiter is a true photographic 
system, using photographic film as the data storage medium. It would be unreal- 
istic to say that there were never any doubts. These doubts were at the maxi- 
mum when a seemingly endless series of problems plagued the system's mechanisms, 
particularly the extremely complex film-handling system, with its 71 rollers, 
5 motors, and multitude of bearings, film separators, clamps, and so forth. 
However, no state-of-the-art storage medium exceeds film in storage capacity 
per pound of system weight, and no practical system exists for gathering data 
as fast as a wide-angle camera of high repetition rate. 
of mechanical complexity and with enough payload weight allowance to provide 
adequate shielding against solar radiation, film-type systems appear to have a 
future in the longer and more demanding deep space missions of the future. 

~ 

' 

Once over the problems 

As for the immediate future, the Lunar Orbiter Project looks forward to 
successful completion of the remaining flights in the program. 
well, by the end of May 1967 very little of the Moon's surface, both nearside 
and farside, will remain unknown and unmeasured. 
gradually being pieced together, and the Moon is becoming a more hospitable 
target for the astronaut of today and the scientist of both today and tomorrow. 

If all goes 

The lunar jigsaw puzzle I s  
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Figure 2. - Lunar  Orb 
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ter I, 11, and I11 - photographic coverage. 



Figure 3 . -  Orbits for  Lunar Orbiter Missions. 



' 2  Ia 
U 





I 

v3 



r ?  

s i  

d 

f I 







5 
J 
ii 
rc) 
d 
N 
I 
0 
v) 

E 
E 
0 
b 

Y 
0 

Lc 
s 
G 
a 

C 
LL 
5 
I- 
- 



c 

I- 
3 
0 
0 a 
tu 
CY 





a 

J 

I 

h, 
3 
0 
Q 



3 
m z 

2 
W 
v, 

W 
[II 

m 

/ 

I- / 
I- 

W 
E 

w I -  

z 
0 

Q) 
M 

5 
M 



NORMAL 

I .o 

.8 

+ 
.4 

.2 

0 

OPERATING RANGE 
f 30" 
t 20° 

1 
-80 -40 0 40 80 _ _  

a, DEG 

Figure 15.- Lunar photometric function. 



Figure 16.- Lunar o r b i t e r  I11 photographic, Kepler. 



Figure 17.- Lunar o r b i t e r  III photographic, Westward Oblique. 
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Figure 20.- Lunar o rb i te r  I photograph, Earth-Moon. 
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Figure 21.- Lunar o r b i t e r  I11 photograph, Farside. 



i 

, .  
' E x ,  t 

Figure 22.- Lunar o r b i t e r  I11 photograph, Oceanus Porcellarum- 
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Figure 23.- Lunar o r b i t e r  I11 photograph, Surveyor I spacecraft .  
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